Introduction
============

Heat shock factor 1 (Hsf1) is the predominant regulator of the heat shock response and has been demonstrated to be associated with certain tissue specific tumorigenesis ([@b1-mmr-12-05-6517]). Hsf1 protein is upregulated in malignant tumor tissues of the liver, esophagus, prostate, lymphatic system, lungs and breasts ([@b2-mmr-12-05-6517],[@b3-mmr-12-05-6517]). Inhibition of Hsf1 protein expression suppresses the growth of certain tumor cell lines and upregulates their sensitivity to chemotherapeutic agents *in vitro* ([@b4-mmr-12-05-6517],[@b5-mmr-12-05-6517]). In animal models, Hsf1 knockdown inhibits 7,12-dimethylbenz(a) anthracene-induced skin cancer ([@b6-mmr-12-05-6517]), p53 mutation-induced lymphoma, n-nitrosodiethylamine-induced hepatocellular carcinoma (HCC) ([@b2-mmr-12-05-6517]) and epidermal growth factor receptor II (ErbB2)-associated breast cancer ([@b7-mmr-12-05-6517]). Hsf1 has been associated with multiple pathways involved in tumorigenesis. For example, Hsf1 participates in regulating tumor cell protein synthesis, glucose and lipid metabolism, p53 protein stability ([@b8-mmr-12-05-6517]), chromosome stability, the signal transduction of ErbB2 ([@b7-mmr-12-05-6517]) and expression of certain non-heat shock proteins ([@b6-mmr-12-05-6517],[@b9-mmr-12-05-6517]). These data support the role of Hsf1 as a potential novel target in cancer therapy.

Numerous previous studies have indicated that the Hsf1-mediated heat shock response is critical in modulating cell transformation resulting from viral oncoproteins, which are important for tissue specific tumorigenesis, for example human papillomavirus 16 (HPV16) early genes E6--E7 for cervical carcinoma, adenovirus early region 1A (E1A) for adenoma of the prostate and nasal carcinoma and hepatitis B virus-hepatitis B protein (HBV-HBx) for HCC. For example, HBx activates Hsf1, which is involved in the upregulation of HBx-induced hepatocyte proliferation ([@b10-mmr-12-05-6517]). Deletion of Hsf1 is able to inhibit E1A-induced mouse embryonic fibroblast (MEF) cell proliferation *in vitro* ([@b11-mmr-12-05-6517]). These examples demonstrate certain pathways involving Hsf1, however further studies are required to fully elucidate the association between Hsf1 and viral oncoproteins in tumorigenesis.

Simian virus 40 (SV40) is a double stranded DNA virus that is normally expressed in monkey kidney and human brain tumor and malignant mesothelioma tissue ([@b12-mmr-12-05-6517]). Infection with SV40 leads to animal tumors ([@b12-mmr-12-05-6517]), however it is unclear whether SV40 has a similar effect in humans. The proteins that SV40 encodes, the large T-antigen (TAG) and small t-antigen (TAG), are strong viral carcinogens and have been widely used to immortalize normal cells in *in vitro* tumorigenesis studies ([@b13-mmr-12-05-6517]). TAG binds to protein phosphatase 2A (PP2A) and blocks the tumor suppressor activity of PP2A ([@b14-mmr-12-05-6517],[@b15-mmr-12-05-6517]). TAG however, is able to transform host cells by binding to and inactivating the tumor suppressors p53 and phosphorylated retinoblastoma protein (pRb) ([@b16-mmr-12-05-6517]). In addition to its association with tumor suppressors, SV40/TAG is able to induce the expression of molecular chaperones such as heat shock protein 70 (Hsp70) and binding immunoglobulin protein, which in turn promote the cell transformation activity of SV40/TAG ([@b16-mmr-12-05-6517],[@b17-mmr-12-05-6517]). Hsf1 is a unique transcription factor of Hsp70. This suggests that the Hsf1-mediated heat shock response may be important for SV40/TAG-induced cell transformation.

The aim of the current study was to investigate the roles of Hsf1 in the tumorigenesis of SV40/TAG-transformed MEF cells, by comparing the effects of Hsf1 knockout MEF cells (MEF/Hsf1-/-), MEF/Hsf1-/- expressing mouse Hsf1 cDNA (MEf/mHsf1) and wild type (wt) MEF cells. The tumor formation and metastatic capabilities of SV40/TAG-transformed MEF cells was investigated in athymic nude mice. The protein expression levels of the angiogenesis markers; cluster of differentiation 34 (CD34), vascular endothelial growth factor (VEGF) and factor VIII related antigen (FVIII/Rag) were investigated immunohistochemically in the resulting tumor tissues. Using western blotting, the expression levels of p53 and pRb were measured, in addition to a range of heat shock proteins. Coimmunoprecipitation was used to investigate proteins which associate with SV40/TAG.

Materials and methods
=====================

Cell lines and plasmids
-----------------------

MEF/wt and MEF/Hsf1-/- cells were generated from E12.5 embryos from a C57B16/V129 background (donated by Dr Xianzhong Xiao from the Central South University School of Medicine, Changsha, China). The cells were transiently transfected with pcDNA-SV40/TAG (Addgene, Cambridge MA 02139 USA) and immortalized by passaging the cells for a maximum of 30 generations. To generate the MEF/mHsf1 cell line, the retroviral packaging cell line HEK293-ampho cells (American Type Culture Collection, Mansassas, VA, USA) were transiently transfected with the recombinant retrovirus vector 4 g pWZL-Blas-ticitin-mFlag-Hsf1. Following a 24-h transfection, the supernatants were collected by centrifugation at 960 × g for 10 min and mixed with 2 *µ*g/ml polybrene (Sigma-Aldrich, St. Louis, MO, USA) and used to infect the MEF/Hsf1-/- cell lines, generating the MEF/mHsf1 cell line.

Athymic nude mice subcutaneous engraftment assay
------------------------------------------------

Thirty male Balb c-nu/nu specific pathogen free athymic nude mice, (4 weeks old; body weight 16 g) were purchased from the Experimental Animal Research Institute of the Chinese Academy of Medical Sciences (Beijing, China). Mice were housed in a sterile room and sacrificed by placing in a sealed box containing CO~2~. The protocol approved by the Animal Core Facility of the Experimental Animal Research Institute of the Chinese Academy of Medical Sciences (no. HUSOM 2015-036). Each mouse was anesthetized by injection of 0.1 ml/10 g body weight FFm-mix (Fentanyl citrate, Fluanisone and Midazolam). For the athymic nude mice engraftment assay, 5×10^5^ cells were subcutaneously injected into the craniodorsal area of the right leg. Following engraftment, the mice were continuously fed for a maximum of 50 days. The time taken for tumor formation was recorded, and the tumor volume was measured using the formula a(b)2/2 (where a represents the longest tumor diameter and b represents the shortest tumor diameter) ([@b18-mmr-12-05-6517]).

MTT and colony formation assays
-------------------------------

For the MTT assay, 10^3^ cells were seeded in 96-well plates and cultured for 24, 48, 72 and 96 h. The cells were incubated with Dulbecco\'s modified Eagle\'s medium (DMEM; Thermo Fisher Scientific, Grand Island, NY, USA) containing 20*µ*M MTT (Life Technologies, Grand Island, NY, USA) for 4 h and terminated by adding 0.1% NP-40 (0.1 ml)/isopropanol lysis buffer (100 ml) for 10 min. The absorbance was measured at a wavelength of 590 nm using Tecan Infinite F500 (Tecan Männedorf, Switzerland). For the colony formation assay, 10^3^ cells were seeded into the 6-well plates and cultured for 7 days. The cells were washed three times with phosphate-buffered saline (PBS) and stained with 1% crystal violet (Sigma-Aldrich) for 20 min. The number of colonies was then counted manually.

Cell cycle analysis
-------------------

The cells were synchronized by serum starvation and seeded into 6-well plates at a concentration of 5×10^5^, then were cultured for 24 h in complete media (DMEM with 1X penicillin-streptomycin, 10 mM glutamine and 10% fetal bovine serum; all from Thermo Fisher Scientific). The cells were then trypsinized (Invitrogen Life Technologies, Grand Island, NY, USA) and fixed in 70% precooled alcohol overnight at 4°C. The cells were washed in PBS twice to remove the ethanol and resuspended in 500 *µ*l pyridine iodide solution (containing 50 *µ*g/ml RNase-A; Invitrogen Life Technologies) in the dark for 30 min at room temperature. The cell cycle was then measured using flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, USA)

Immunohistochemistry
--------------------

Tumor tissue was fixed in 4% paraformaldehyde/PBS for 1 week, embedded in paraffin and sliced into 4 *µ*m tissue slices by a microtome (Leica RM 2235, Wetzlar, Germany). Paraffin-embedded tumor tissues were deparaffinized and quenched in 3% H~2~O~2~ (Sigma-Aldrich) to remove the endogenous peroxidase activity. Following antigen retrieval in 0.01 M sodium folic acid buffer (Sigma-Aldrich), the slides were blocked in 10% normal rabbit serum (Santa Cruz Biotechnology, Inc., Dallas TX, USA) for 30 min. Subsequently, the slides were incubated with the following primary antibodies: Mouse monoclonal anti-VEGF (Santa Cruz Biotechnology, Inc.; cat no. SC-7269; dilution 1:100), mouse monoclonal anti-CD34 antibody (Santa Cruz Biotechnology, Inc., cat. no. SC-7324; dilution 1:100), mouse monoclonal anti-FVIII/Rag antibody (America Diognostica USA, cat. no. ESvWF-10; dilution 1:100), overnight at 4°C. Slides were then incubated with HRP-conjugated anti-rabbit IgG and HRP-conjugated anti-mouse IgG secondary antibody (Santa Cruz Biotechnology, Inc., dilution 1:200). The signal was developed with diaminobenzidine (Sigma-Aldrich) and the slides were counterstained with hematoxylin and eosin (Sigma-Aldrich). The expression of VEGF, CD34 and FVIII/Rag were quantified as previously published ([@b19-mmr-12-05-6517]). Student\'s t-test was used for statistical analysis. For measurement of the VEGF expression in the tumor tissues, the brown positive signals were measured by Image Pro-Plus software. The integral optical density of 10 fields was measured and averaged. The immunohistochemistry staining signal density of CD34 and FVIII/Rag were measured in 10 randomly selected fields. The average of 10 views was used to represent the new vessel grown in the tumor tissues.

Western blotting and coimmunoprecipitation
------------------------------------------

The cells were lysed in NP-lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl, 1% NP-40 and 1X cocktail protease inhibitor (Sigma-Aldrich). The protein concentration was measured using a bicinchoninic acid assay kit (Thermo Fisher Scientific). Equal amounts of protein were separated by 10% SDS-PAGE (Invitrogen Life Technologies) and transferred onto nitrocellulose membranes (Invitrogen Life Technologies). The membranes were blocked with 5% non-fat dried milk/Tris-buffered saline-Tween 20 and incubated with the primary antibodies at 4°C overnight. The antibodies used were as follows: Rabbit polyclonal anti-Hsf1 antibody (Cell signaling; cat. no. 4356; working dilution 1:1,000), rabbit anti-Hsp25 antibody (Sigma-Aldrich; cat. no. H0148; working dilution 1:2,000), mouse anti-Hsp70 antibody (Enzo Life Sciences, Inc., Farmingdale, NY, USA; cat. no. ADI-SPA-810; working dilution 1:1,000), mouse anti-heat shock cognate protein 70 (Hsc70) antibody (Enzo Life Sciences, Inc.; cat. no. ADI-SPA-820; working dilution 1:1,000), mouse anti-Hsp90 α antibody (Enzo Life Sciences, Inc.; cat. no. ADI-SPA-835; working dilution 1:1,000). Membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The membranes were developed using enhanced chemiluminescence and exposed to X-ray film (Thermo Fisher Scientific). Protein quantification was performed with Quantity One 4.6 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For immunoprecipitation, the assay was performed as previously published ([@b20-mmr-12-05-6517]). Briefly, 1 mg protein was pre-cleaned with 30 *µ*l protein-A agarose beads and then incubated with 2 *µ*g antibody at 4°C overnight. Subsequently, the sample was incubated with protein A agarose beads (Invitrogen Life Technologies) for 2 h. The immunoprecipitated protein complexes were subjected to immunoblotting with rabbit anti-SV40/TAG (cat. no. V-300), rabbit anti-p53 (cat. no. sc-6243) and pRB (cat. no. sc-7905) antibodies (Santa Cruz Biotechnology, Inc.).

Statistical analysis
--------------------

Statistical analysis was performed using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). Student\'s t-test was used for paired data that were normally distributed. Comparisons among values of more than two groups were performed using analysis of variance. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Hsf1 promotes SV40-immortalized MEF cell proliferation by regulating the cell cycle at the G~1~ and S phases
------------------------------------------------------------------------------------------------------------

In order to determine the role of Hsf1 in the cell transformation induced by SV40/TAG, three genotypes of SV40/TAG transformed MEF cell lines were established: MEF/wt, MEF/Hsf1-/- and MEF/mHsf1 cells (MEF/Hsf1-/- cells expressing mouse Hsf1 cDNA). The expression of Hsf1 in these three cell lines was investigated by immunoblotting. As presented in [Fig. 1A](#f1-mmr-12-05-6517){ref-type="fig"}, Hsf1 in MEF/Hsf1-/- cells. The proliferation of these three cell lines was investigated using an MTT and a colony formation assay. MEF/wt and MEF/mHsf1 cells exhibited a similar rate of proliferation and colony formation, and were observed to proliferate significantly faster than the MEF/Hsf1-/- cells ([Fig. 1B--D](#f1-mmr-12-05-6517){ref-type="fig"}). The result of the cell cycle analysis indicated that the number of MEF/wt and MEF/mHsf1 cells at G~1~ phase were 25 and 22% respectively, which was significantly increased to 45% in the MEF/Hsf1-/- cells (P\<0.01; [Fig. 1E](#f1-mmr-12-05-6517){ref-type="fig"}). By contrast, the number of MEF/Hsf1-/- cells at the S and G~2~ phases was significantly reduced compared with the MEF/wt and MEF/mHsf1 cells (P\<0.05; [Fig. 1E](#f1-mmr-12-05-6517){ref-type="fig"}). These results indicate that knockout of Hsf1 inhibits the proliferation of SV40/TAG transformed MEF cells *in vitro* by blocking the cell cycle at the G~1~ phase.

Knockout of Hsf1 inhibits the growth of fibroblastomas derived from MEF cell lines in athymic nude mice
-------------------------------------------------------------------------------------------------------

SV40/TAG is able to completely transform cells into malignant tumor cells ([@b16-mmr-12-05-6517]). To determine the roles of Hsf1 in the SV40/TAG-mediated malignant transformation of MEF cells, MEF/wt, MEF/Hsf1-/- and MEF/mHsf1 cells were engrafted subcutaneously into athymic nude mice and the tumor formation and growth were measured. As presented in [Fig. 2A](#f2-mmr-12-05-6517){ref-type="fig"}, tumors had formed in all athymic nude mice by day 29 following engraftment. There was no significant difference in the time taken for tumor formation between the mice engrafted with MEF/wt, MEF/Hsf1-/- and MEF/mHsf1 cells. However, the growth of the MEF/wt and MEF/mHsf1 tumors was significantly faster compared with that of the MEF/Hsf1-/- tumors (P\<0.05; [Fig. 2B](#f2-mmr-12-05-6517){ref-type="fig"}). No difference in tumor growth rate was observed between the MEF/wt and MEF/mHsf1 groups ([Fig. 2A and B](#f2-mmr-12-05-6517){ref-type="fig"}). Quantitative results indicated that the weights and volumes of the MEF/wt and MEF/mHsf1 tumors were significantly greater compared with the MEF/Hsf1-/- group (P\<0.05; [Fig. 2C and D](#f2-mmr-12-05-6517){ref-type="fig"}). No difference in tumor size and weight was observed between MEF/wt and MEF/mHsf1 tumors. Histological studies confirmed that fibro-sarcomas formed from all of the three cell lines engrafted into athymic nude mice ([Fig. 3A](#f3-mmr-12-05-6517){ref-type="fig"}). The MEF/wt and MEF/mHsf1 fibrosarcomas exhibited greater numbers of necrotic foci, and increased levels of pathological mitosis and peripheral muscle and fat infiltration compared with that of the MEF/Hsf1-/- fibrosarcoma tissue. These data suggest that Hsf1 is involved in the regulation of tumor cell proliferation and development rather than tumor initiation in the SV40/TAG transformation model.

Knockout of Hsf1 results in downregulation of tumor angiogenesis
----------------------------------------------------------------

In order to determine the metastatic potential of these fibrosarcomas, the main organs (brain, liver, lung, spleen and lymph nodes) of the tumor-bearing mice were screened using hematoxylin and eosin staining. Histology from 2 of 6 MEF/wt mice (33.33%) and 1 of 6 MEF/mHsf1 mice (16.67%) exhibited lung metastasis ([Fig. 3B](#f3-mmr-12-05-6517){ref-type="fig"}). No metastasis was observed in the 6 MEF/Hsf1-/- mice. Further studies using immunohistochemical staining indicated that the expression of VEGF, CD34 and FVIII/Rag, the three hallmarks of angiogenesis, were significantly upregulated in the MEF/wt and MEF/mHsf1-derived fibrosarcoma tissue compared with the MEF/Hsf1-/- fibrosarcoma tissues ([Fig. 4A and B](#f4-mmr-12-05-6517){ref-type="fig"}). These data are consistent with previous reports ([@b7-mmr-12-05-6517]) and suggest that Hsf1 is involved in the regulation of tumor metastasis in SV40/TAG-induced fibrosarcoma.

Hsf1 is associated with the expression of p53 and pRb proteins
--------------------------------------------------------------

Cell transformation by SV40/TAG is associated with p53 and pRb, two tumor suppressors. SV40/TAG binds to p53 and pRb and suppresses their transcriptional activities, which in turn are able to induce cell transformation ([@b12-mmr-12-05-6517]). Hsf1 is reported to promote p53 protein degradation by upregulating the expression of the proteasome subunits proteasome subunit β type-5 and gankynin or αB-crystallin ([@b8-mmr-12-05-6517],[@b11-mmr-12-05-6517]). Therefore the deregulation of p53 or pRb expression may be involved in the growth inhibition of SV40/TAG transformed MEF/Hsf1-/- cells and the corresponding fibrosarcoma. Immunoblotting indicated that the protein expression levels of p53, pRb and their downstream target p21 were significantly upregulated in MEF/Hsf1-/- cells ([Fig. 5A](#f5-mmr-12-05-6517){ref-type="fig"}; lane 2) and the corresponding fibrosarcoma tissue ([Fig. 5B](#f5-mmr-12-05-6517){ref-type="fig"}; lanes 2, 5 and 8) when compared with the MEF/wt and MEF/mHsf1 cells ([Fig. 5A](#f5-mmr-12-05-6517){ref-type="fig"}; lanes 1 and 3) and their corresponding fibrosarcoma tissues ([Fig. 5B](#f5-mmr-12-05-6517){ref-type="fig"}; lanes 1, 3, 4, 6, 7 and 9; and [Fig. 5D](#f5-mmr-12-05-6517){ref-type="fig"}). Furthermore, the expression of the SV40/TAG protein, which is similar to p53 and pRb, was upregulated in fibrosarcoma/Hsf1-/- tissue compared with its expression in the fibrosarcomas derived from MEF/wt and MEF/mHsf1 cells ([Fig. 5A and B](#f5-mmr-12-05-6517){ref-type="fig"}). To investigate the expression of heat shock proteins underlying Hsf1 in these tumor tissues, the expression levels of Hsp25, Hsp70 and Hsp90 were measured. The results indicated that the expression of Hsp25 was downregulated in MEF/Hsf1-/- cells ([Fig. 5A](#f5-mmr-12-05-6517){ref-type="fig"}; lane 2) and in the corresponding fibrosarcoma ([Fig. 5B](#f5-mmr-12-05-6517){ref-type="fig"}; lanes 2, 5 and 8) when compared with the MEF/wt and MEF/mHsf1 cells ([Fig. 5A](#f5-mmr-12-05-6517){ref-type="fig"}; lanes 1 and 3) and their corresponding fibrosarcomas ([Fig. 5B](#f5-mmr-12-05-6517){ref-type="fig"}). No difference in the expression levels of Hsp70, heat shock cognate protein 70 (Hsc70) and Hsp90 was observed in the three cell lines and their corresponding fibrosarcomas ([Fig. 5A and B](#f5-mmr-12-05-6517){ref-type="fig"}). Immunoblotting of β-actin indicated that protein loading was equal. [Fig. 5C and D](#f5-mmr-12-05-6517){ref-type="fig"} represent the quantification of the expression of the corresponding proteins in [Fig. 5A and B](#f5-mmr-12-05-6517){ref-type="fig"}. Taken together, these data indicate that knockout of Hsf1 results in the upregulation of p53 and additionally in the upregulation of pRb, p21 and SV40/TAG proteins. Upregulation of SV40/TAG does not inhibit p53 transcriptional activity in MEF/Hsf1-/- and the derived fibrosarcoma tissues.

Knockout of Hsf1 reduces the interaction between SV40/TAG and p53 and pRb
-------------------------------------------------------------------------

The immunoblotting data indicates that knockout of Hsf1 inhibits the suppression of p53 transcriptional activity by SV40/TAG, which suggests that Hsf1 is involved in the association between p53 and SV40/TAG. To investigate this, the interaction between SV40/TAG and p53/pRb was measured in the three types of MEF cells using immunoprecipitation assays. The amount of p53 and pRb proteins that were coimmunoprecipitated with SV40/TAG in the MEF/Hsf1-/- cells was reduced compared with that in the MEF/wt and MEF/mHsf1 cells. No interaction between SV40/TAG and Hsc70 was observed in the three MEF cell lines (data not shown). The expression of endogenous p53, pRb, β-actin and ectopic SV40/TAG in the cell lysates that were applied for the immunoprecipitation assay are presented in [Fig. 6B](#f6-mmr-12-05-6517){ref-type="fig"}. These data indicate that the knockout of Hsf1 reduces the association of SV40/TAG with p53 and/or pRb.

Discussion
==========

Hsf1 has been demonstrated to be associated with tumorigenesis in animal models and in humans ([@b1-mmr-12-05-6517]). It has been reported that Hsf1 is important for the oncogenic processes mediated by Ras, p53 and E1A ([@b6-mmr-12-05-6517],[@b11-mmr-12-05-6517]). In the current study, evidence that Hsf1 is additionally involved in SV40/TAG-induced cell transformation is presented. MEF/wt and MEF/Hsf1-/- cells were immortalized by SV40/TAG and formed fibrosarcomas following engraftment subcutaneously in athymic nude mice ([Fig. 2](#f2-mmr-12-05-6517){ref-type="fig"}). However, knockout of Hsf1 blocked the cell cycle at the G~1~ phase and reduced the number of cells in the S and G~2~ phases. This resulted in the inhibition of MEF/Hsf1-/- cell proliferation *in vitro* and of MEF/Hsf1-/-fibrosarcoma growth *in vivo* in the athymic nude mice ([Figs. 1](#f1-mmr-12-05-6517){ref-type="fig"} and [2](#f2-mmr-12-05-6517){ref-type="fig"}). Further investigation suggested that the knockout of Hsf1 is able to upregulate the protein expression of the tumor suppressors p53, pRb and p21 in addition to SV40/TAG ([Fig. 5](#f5-mmr-12-05-6517){ref-type="fig"}). However, the associations between SV40/TAG and p53 and pRb were significantly reduced in MEF/Hsf1-/- cells, which may provide an explanation for the slow growth of the Hsf1-/- fibrosarcoma. Furthermore, the data suggested that the knockout of Hsf1 suppressed lung metastasis of the fibrosarcoma by reducing angiogenesis ([Fig. 3](#f3-mmr-12-05-6517){ref-type="fig"}). Taken together, these data provide further evidence to support the fact that Hsf1 is an important factor for the growth and metastasis of viral oncogene-induced tumors.

There is substantial evidence in support of the involvement of Hsf1 in tumor initiation and the development of tumors induced by p53-mutation, H-Ras and ErbB2-mutations in mouse models ([@b7-mmr-12-05-6517],[@b9-mmr-12-05-6517]). However, its roles in the tumorigenesis of viral oncogene induced tumors remain unclear. Jin *et al* ([@b11-mmr-12-05-6517]) reported that MEF/wt and MEF/Hsf1-/- cells were immortalized by E1A, however the proliferation and colony formation of the E1A-immortalized MEF/Hsf1-/- cells was slower compared with the MEF/wt cells. Upregulation of p53 protein through the reduced expression of αB-crystallin expression in MEF/Hsf1-/- cells was suggested to explain this slow proliferation ([@b11-mmr-12-05-6517]). αB-crystallin has been reported to form a complex with F-box only protein 7 and p53, mediating p53 degradation through the proteasomal pathway ([@b11-mmr-12-05-6517]). However, there are inadequate *in vivo* studies to suggest whether the E1A-immortalized MEF cells are malignant. In the current study, SV40/TAG transformed MEF/Hsf1-/- and MEF/wt cells *in vitro*, and the transformed cells formed fibrosarcomas when subcutaneously engrafted into athymic nude mice. However, the growth of the MEF/Hsf1-/- cells and their corresponding fibrosarcomas was significantly slower compared with MEF/wt cells. These data indicate that Hsf1 is important in maintaining viral tumor cell proliferation rather than initiating transformation.

SV40/TAG induces cell transformation by targeting two tumor suppressors, p53 and pRb. SV40/TAG interacts with and inhibits the transcriptional activities of p53 and pRb, which result in the deregulation of the cell cycle and cell transformation ([@b13-mmr-12-05-6517],[@b21-mmr-12-05-6517]). The results of the current study indicate that the expression of p53 and pRb are upregulated in MEF/Hsf1-/- cells, which are consistent with the previously reported results, in which Hsf1 knockout resulted in p53 protein stabilization by E1A ([@b11-mmr-12-05-6517]). Although it is unclear which mechanism results in the accumulation of p53 and pRb proteins in SV40/TAG-transformed MEF/Hsf1-/- cells, the current study indicated that in addition SV40/TAG protein was upregulated in the MEF/Hsf1-/- cells and fibrosarcoma, and the upregulation of SV40/TAG did not inhibit the transcriptional regulation of p21 expression by p53. This suggests that the association between SV40/TAG and p53 or pRb may be blocked in MEF/Hsf1-/- cells and fibrosarcoma tissue. The coimmunoprecipitation data demonstrated that the interaction between SV40/TAG and p53 or pRb is significantly reduced in MEF/Hsf1-/- cells compared with that in MEF/wt and MEF/mHsf1 cells, despite the SV40/TAG-induced upregulation of p53 and pRb proteins in MEF/Hsf1-/- cells. It remains unclear which mechanism is responsible for the reduced interaction between SV40/TAG and p53 or pRb in the MEF/Hsf1-/- cells. Xi *et al* ([@b7-mmr-12-05-6517]) reported that knockdown of Hsf1 is able to reduce the interaction between Raf and Hsp90, which then in turn reduces the signal transduction from ErbB2 to the mitogen activated protein kinase pathway, and the ErbB2-mutation-induced breast cancer occurrence in mouse models. The current study measured the expression of additional heat shock proteins (Hsp90, Hsp70 and Hsp25) and observed that Hsp25 alone is significantly reduced in MEF/Hsf1-/- cells and the corresponding fibrosarcoma, suggesting that Hsp25 is the predominant target of Hsf1 in SV40/TAG-transformed MEF cells and their corresponding fibrosarcomas. A previous study reported that heat shock proteins are upregulated in SV40 transformed cells ([@b22-mmr-12-05-6517]), suggesting that heat shock proteins in general serve a role in SV40/TAG transformation (e.g. anti-apoptosis and cell cycle proliferation). However, whether Hsp25 is specifically involved in regulating the association between SV40/TAG and p53 or pRb requires further investigation.

Invasion and metastasis are two important hallmarks of malignant tumors, and a number of factors have been demonstrated to be involved in these processes \[e.g. VEGF, hypoxia-inducible factor 1 α(Hif1α) and matrix metalloproteinases\]. It has been reported that Hsf1 is involved in the regulation of tumor metastasis in breast cancer ([@b7-mmr-12-05-6517],[@b9-mmr-12-05-6517]). Upregulation of Hsf1 is associated with worsened prognosis in breast cancer, HCC and other types of tumor ([@b9-mmr-12-05-6517]). Xi *et al* ([@b7-mmr-12-05-6517]) reported that knockdown of Hsf1 inhibits breast cancer development and transforming growth factor-β1 induced epithelial-mesenchymal transition. Gabai *et al* ([@b23-mmr-12-05-6517]) reported that Hsf1 regulates breast cancer progression by regulating the expression of Hif1α and RNA regulator Human antigen R. Mendillo *et al* ([@b9-mmr-12-05-6517]) demonstrated that in addition to regulating heat shock proteins, Hsf1 regulates the expression of genes that regulate breast cancer cell proliferation, migration and invasion ([@b9-mmr-12-05-6517]). In the current study, the fibrosarcomas derived from MEF/wt and MEF/mHsf1 cells were observed to metastasize to the lungs, however, the fibrosarcoma derived from MEF/Hsf1-/- did not. Further analysis indicated that knockout of Hsf1 reduced the angiogenesis of the fibrosarcoma. This is reflected by the low expression of the angiogenesis markers including VEGF, CD34 and FVIII/Rag in the MEF/Hsf1-/- fibrosarcoma compared with the fibrosarcomas that were derived from MEF/wt and MEF/mHsf1 cells. Tumor analysis demonstrated that MEF/wt and MEF/mHsf1 fibrosarcomas grew faster, contained larger mitotic cells and more fat, and exhibited increased muscle invasion when compared with the MEF/Hsf1-/- fibrosarcoma. This suggests that Hsf1 is an important factor in regulating tumor malignancy and metastasis. However, the mechanism behind this regulation remains unclear. Hsp25 has been reported to be associated with cancer metastasis ([@b24-mmr-12-05-6517],[@b25-mmr-12-05-6517]) and has been targeted as a diagnostic marker for a number of tumors ([@b26-mmr-12-05-6517]). In addition, Hsp25 was demonstrated to regulate the stability of a number of transcription factors such as GATA-1 and Snail ([@b27-mmr-12-05-6517],[@b28-mmr-12-05-6517]), which are important in promoting tumor cell growth and metastasis. The current study indicates that Hsp25 is downregulated in the MEF/Hsf1-/- cells and fibrosarcoma tissue. However, whether the downregulation of Hsp25 is involved in regulating the dissociation of SV40-TAG from p53 and pRb, and the reduced metastatic potential of the MEF/Hsf1-/- fibrosarcoma requires further investigation. Taken together, these data provide further evidence to support the fact that Hsf1 is an important regulator in tumor metastasis.

Using the SV40/TAG immortalized MEF cell model, the current study demonstrated that Hsf1 is involved in the regulation of viral-oncogene induced tumor growth and metastasis rather than tumor initiation. These data provide further evidence to suggest that Hsf1 may be a potential therapeutic target for viral-oncogene-induced tumors.

The current study was supported by the National Natural Science Foundation of China (grant nos. 30971508 and 81270985).

![Hsf1 knockout inhibits MEF cell proliferation. (A) Expression of Hsf1 proteins in the SV40/TAG-transformed MEF cell lines: Lane 1, MEF/wt; lane 2, MEF/Hsf1-/-; and lane 3, MEF/mHsf1. (B) Clone formation of the three MEF cell lines in flat cloning assay. (C) The growth viability of the three MEF cell lines in an MTT assay. (D) The quantification of colony-forming efficiency of the three MEF cell lines by flat cloning assay. (E) The effects of Hsf1 on the cell cycle of the three MEF cells. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001, MEF/Hsf1-/- cells vs. MEF/wt and MEF/mHsf1 cells. Hsf1, heat shock factor 1; MEF, mouse embryonic fibroblast; SV40/TAG, simian virus 40/T antigen; wt, wild type; mHsf1, Hsf1 null MEF cells expressing mouse Hsf1.](MMR-12-05-6517-g00){#f1-mmr-12-05-6517}

![Knockout of Hsf1 inhibits the growth of MEF-derived fibroblastomas in athymic nude mice. (A) The athymic nude mice bearing engrafted tumors were sacrificed at day 50. The lower panel presents the solid tumors isolated from the athymic nude mice. (B) The growth of fibrosarcomas derived from the subcutaneously engrafted MEF cells in athymic nude mice. Tumor size was measured and calculated using the formula a(b)2/2, where a is the longest diameter of the tumor and b is the shortest diameter. (C) The weight of xenografted tumors in athymic nude mice. (D) The volume of fibrosarcomas in athymic nude mice. One-way analysis of variance was used. ^\*^P\<0.05, Hsf1-/- group vs. MEF/wt and MEF/mHsf1 groups. Hsf1, heat shock factor 1; MEF, mouse embryonic fibroblast; wt, wild type; mHsf1, Hsf1 null MEF cells expressing mouse Hsf1.](MMR-12-05-6517-g01){#f2-mmr-12-05-6517}

![Histological analysis of the fibrosarcoma tissues in the athymic nude mice. (A) Images of H&E stained tumor tissues as visualized through light microscopy. Arrow represents muscle infiltration; arrowhead indicates the fat infiltration. (B) Images of the H&E stained lung metastatic tumor tissue from wt and mHsf1 fibrosarcoma bearing athymic nude mice. The arrow indicates metastatic tumor tissues. H&E, hematoxylin and eosin; wt, wild type; Hsf1, heat shock factor 1; mHsf1, Hsf1 null MEF cells expressing mouse Hsf1.](MMR-12-05-6517-g02){#f3-mmr-12-05-6517}

![The expression of VEGF, CD34 and FVIII/Rag proteins in fibrosarcoma. (A) The immunohistochemical staining of the expression of VEGF, CD34 and FVIII/Rag proteins in the wt, Hsf1-/- and mHsf1 fibrosarcoma tissues. The images were taken using a 40X objective. (B) Quantification of the expression of VEGF in the fibrosarcoma tissue with the AIOD method. The quantification of the expression of (C) CD34 and (D) FVIII/Rag in the Hsf1-/- fibrosarcoma using the MVD method. Data are presented as the mean ± standard deviation, one-way analysis of variance. ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. wt and mHsf1 cells. VEGF, vascular endothelial growth factor; CD34, cluster of differentiation 34; FVIII/Rag, factor VIII related antigen; wt, wild type; Hsf1, heat shock factor 1; mHsf1, Hsf1 null MEF cells expressing mouse Hsf1. AIOD, average integral optical density.](MMR-12-05-6517-g03){#f4-mmr-12-05-6517}

![Hsf1 is associated with the expression of p53 and pRb proteins. (A) The expression of Hsf1, Hsp25, Hsc70, Hsp70, Hsp90, SV40/TAG, p53, p21 and pRb proteins were immunoblotted in MEF/wt (lane 1), MEF/hsf1-/- (lane 2) and MEF/mHsf1 (lane 3) cells. (B) The immunoblotting of the above proteins in the corresponding fibrosarcoma tissues. Experiments were repeated 3 times (\#1--3). The quantification of the expression of Hsf1, Hsp25, SV40/TAG, p53, pRB and p21 in the three (C) MEF cell lines and their corresponding (D) fibrosarcomas. (^\*^P\<0.05). hsf1, heat shock factor 1; pRb, phosphorylated retinoblastoma protein; Hsp25, heat shock protein 25; Hsc70, heat shock cognate protein 70; SV40/TAG, simian virus 40/T antigen; MEF, mouse embryonic fibroblast; wt, wild type; mHsf1, Hsf1 null MEF cells expressing mouse Hsf1.](MMR-12-05-6517-g04){#f5-mmr-12-05-6517}

![The interaction of SV40/TAG with p53, pRb and Hsc70 in the three MEF cell lines. (A) Coimmunoprecipitation of p53, pRb and Hsc70 with SV40/TAG. SV40/TAG proteins were immunoprecipitated from the cell lysates of the MEF/wt (lane 1), MEF/Hsf1-/- (lane 2) and MEF/mHsf1 (lane 3) cells. The immunoprecipitated protein complexes were immunoblotted with antibodies against p53, pRB and Hsc70. (B) The immunoblotting of the expression of SV40/TAG, p53, pRb and Hsc70 proteins in the cell lysates that were subjected to coimmunoprecipitation. SV40/TAG, simian virus 40/T antigen; pRb, phosphorylated retinoblastoma protein; Hsc70, heat shock cognate protein 70; MEF, mouse embryonic fibroblast; wt, wild type; Hsf1, heat shock factor 1; mHsf1, Hsf1 null MEF cells expressing mouse Hsf1; IP, immunoprecipitate; IB; immunoblot.](MMR-12-05-6517-g05){#f6-mmr-12-05-6517}
